ABSTRACT This paper proposes an unmanned aerial vehicle (UAV)-enabled wireless-powered communication network (WPCN), which consists of a hybrid access point (H-AP), a UAV, and nodes. The H-AP broadcasts energy to all nodes, and the nodes harvest and use the energy for information transmission. However, far-apart nodes from the H-AP hardly harvest the energy and they require more energy for the same throughput as near-apart nodes due to distance-dependent signal attenuation, which is called the doubly near-far problem. To overcome the doubly near-far problem, we propose a weighted harvest-then-transmit protocol. In the proposed protocol, we consider that the channel power gain changes according to the location of nodes, whereas it has remained constant in most conventional WPCNs. The UAV acts as a mobile H-AP, where the UAV performs weighted energy transfer and receives information to/from all encountering farapart nodes with the better channel power gain. For the UAV, we consider the flight path optimization by implementing a regression algorithm in terms of energy efficiency. Under these considerations, we aim to maximize the sum-throughput of all nodes based on the weighted harvest-then-transmit protocol, by using convex optimization techniques. The optimal time allocation is investigated for far-apart nodes and nearapart nodes sequentially, to solve the doubly near-far problem. Simulation results show that the proposed UAV-enabled WPCN outperforms the conventional WPCN with a fixed H-AP in terms of the sum-throughput maximization.
I. INTRODUCTION A. MOTIVATIONS AND RELATED WORKS
Energy management at individual nodes is one of the most challenging issues in wireless networks. Energy management strategies can be different depending on what energy source is being used. Traditional energy sources (e.g., batteries) for wireless devices are physically attached to the devices and need to be replaced or recharged periodically. This will limit the operation time of wireless devices and affect the performance of wireless networks.
Recently, an energy harvesting technique that utilizes radio frequency (RF) signals has emerged as an alternative method to recharge nodes in wireless networks [1] , [2] . Ambient radio signals controlled by a transmitter enable both wireless energy transfer (WET) and wireless information transfer (WIT) [3] , [4] . The feasibility of WET and WIT has been demonstrated in the recent experimental works [5] - [7] and the recently proposed models of wireless-powered communication networks (WPCNs) support both WET and WIT using radio signals [8] - [12] . The initial model of WPCN [13] is composed of a hybrid-access point (H-AP) and multiple end nodes. In order to avoid the interference between energy and information signals, Ju and Zhang [13] proposed a harvest-then-transmit protocol based on time division multiple access (TDMA). For better performance of WPCN, fullduplex models are presented in [14] - [17] , where the H-AP broadcasts wireless energy to the nodes in the downlink (DL) and the nodes transmit their information in the uplink (UL) at the same time. In [18] , we also have studied a full-duplex model for a mesh-topology network considering node-tonode communication. For a large-scale network, a carriersense multiple access (CSMA) based model is also proposed in [19] . However, these prior researches have hardly considered the distance-dependent signal attenuation (e.g., channel power gain) that might lead to the doubly-near-far problem [4] , [20] . Far-apart nodes from the H-AP harvest less energy compared to near-apart nodes, and the far-apart nodes require more energy for the same throughput of the near-apart nodes.
Several WPCN models were further proposed to reduce the influence of the distance-dependent signal attenuation. Ju and Zhang [13] considered an additional constraint that guarantees the equal throughput of all nodes regardless of the channel power gain to the H-AP. In [21] , a dedicated relay node is proposed to help far-apart nodes to transmit information, where the relay node amplifies the received signal and forwards it to the destination. Bi and Zhang [22] proposed to divide the H-AP into two dedicated access points: the energy access point for WET and the information access point for WIT. They also optimized the location of the two access points to minimize the overall cost. However, most of the existing studies still assumed that the channel power gain in DL and UL remains constant, despite the fact that the channel power gain changes according to the distance between network units (e.g., access point and nodes) in DL WET and UL WIT.
Meanwhile, a unmanned aerial vehicle (UAV)-enabled network systems have recently come into the spotlight due to their advantages in strong line-of-sight (LoS) to nodes, controllable mobility, and flexible wireless connectivity without infrastructure [25] - [27] . In [25] , a high-mobility UAV is deployed to assist the information transmission between ground sources and destinations, in order to maximize the spectrum efficiency and energy efficiency. Besides, in [26] , a UAV is utilized as a mobile data sink for ground sensor nodes in wireless sensor networks. In addition, Zeng et al. [28] provide various applications of UAV integrated into the cellular network. Inspired by the advantage of UAV-assisted wireless communications, UAV-enabled wireless power transfer (WPT) has been proposed in [28] and [29] . Specifically, in [29] , a UAV is considered as a mobile energy transmitter broadcasting wireless energy to charge the nodes on the ground while hovering over the nodes. Furthermore, in [30] , a UAV is integrated into WPCN, where the UAV performs WET in DL to charge the nodes, and the nodes use the harvested energy to send information to the UAV in UL. The authors try to maximize the uplink minimum throughput among all nodes over a given UAV's flight time. However, the channel power gain is still assumed to be constant in most prior researches.
B. GOALS
In this paper, we propose a UAV-enabled WPCN that adopts a UAV to overcome the doubly-near-far problem.
The proposed UAV-enabled WPCN consists of a H-AP, a UAV, and nodes. The H-AP transmits energy to nodes and receives information from nodes. We divide nodes into two types according to the channel power gain between the H-AP and each node. The first one is a high gain node (HGN), where the channel power gain between the H-AP and the node is higher than a given threshold. It is worth noting that the threshold depends on the system of interest. The other type is a low gain node (LGN), where the channel power gain between the H-AP and a node is lower than the threshold. This means that the node hardly harvests energy from the H-AP, i.e., LGNs suffer from the doubly-near-far problem. We assume that LGNs are located far from the H-AP compared to HGNs since the channel power gain largely depends on the communication distance.
The UAV acts as a mobile H-AP in the proposed UAVenabled WPCN. For the UAV-enabled WPCN, we propose a weighted harvest-then-transmit protocol (WHT). The flight of the UAV in the proposed WHT can be separated into two phases: the forward flight phase and the return flight phase. In the forward flight phase, the UAV starts its flight at the H-AP and flies toward the farthest node from the H-AP within the communication range of the H-AP. During the forward flight phase, the UAV performs the weighted DL WET to all encountering LGNs, where the amount of transmitted energy to each LGN is inversely proportional to the channel power gain between the H-AP and each LGN. It is worth noting that the UAV does not perform the weighted DL WET to HGNs since the UAV is employed to solve the doublynear-far problem. After arriving at the farthest node from the H-AP, the UAV gets into the return flight phase, where the UAV returns to the H-AP following the reverse of the forward flight path. During the return flight phase, the UAV receives information from the encountering LGNs. The LGNs transmit their information to the UAV when the UAV is close enough to reduce the energy loss with the better channel power gain between the UAV and LGNs, while the HGNs transmit their information directly to the H-AP.
We also propose channel-weighted path (CWP) planning, based on the regression algorithm [31] , for the optimal flight path of the UAV in terms of energy efficiency. An initial flight path is computed with the hypothesis of CWP and then trained by optimizing the loss function [32] of the regression. The loss function considers the channel power gain between the UAV and LGNs, and also the distance of each LGN from the initial flight path.
The main contributions of this paper are summarized as follows:
• We propose a new WPCN model to solve the doublynear-far problem. Our UAV-enabled WPCN has two H-APs: a conventional fixed H-AP and a new mobile H-AP employing a UAV.
• We propose a weighted harvest − then − transmit protocol for the proposed UAV-enabled WPCN. The UAV adopting WHT performs the weighted DL WET to
LGNs in the forward flight phase, and receive VOLUME 6, 2018 information from the LGNs in the return flight phase. Accordingly, the LGNs can harvest energy from the UAV with the minimum energy loss caused by energy signal attenuation, and transmit information to the UAV energy-efficiently. Consequently, the doubly-near-far problem at the LGNs can be alleviated.
• We propose the channel-weighted path planning to optimize the flight path of the UAV in terms of energy efficiency. The initial flight path is trained according to the channel power gain and the distance between the initial flight path and LGNs. Thus, the flight path of the UAV is optimized to reduce the flight time and energy.
• For investigating the performance of the proposed WHT protocol in the UAV-enabled WPCN, we study the sumthroughput maximization problems using convex optimization techniques. The rest of this paper is organized as follows. Section 2 proposes the UAV-enabled WPCN model and the proposed WHT protocol. Section 3 presents the sum-throughput maximization based on the proposed WHT protocol in the UAV-enabled WPCN. Section 4 analyzes the influence of the flight time in terms of the sum-throughput maximization. Section 5 shows numerical results. Finally, Section 6 concludes the paper and debates future work. 
II. SYSTEM MODEL
In this section, we propose the proposed UAV-enabled WPCN and the weighted harvest − then − transmit protocol. As shown in Fig. 1 , the UAV-enabled WPCN consists of a single H-AP, a UAV, and node i, ∀i ∈ {1, 2, · · · , K }, where K is a positive integer. We divide nodes into two types, i.e., HGN and LGN, according to the channel power gain between the H-AP and each node. We assume that LGNs suffer from the doubly-near-far problem, since their channel power gain to the H-AP is lower than the required threshold. Note that near-apart node can be a LGN when it has lower channel power gain than the threshold due to poor network environment such as the shadowing. The number of LGNs is denoted byK , thus the number of HGN is K −K . We assume that the H-AP and the UAV equip single antenna for the DL WET and receiving information from nodes. Note that the UAV employs directional beamforming to construct a focused energy beam to individual LGN [2] , [33] . It is assumed that the UAV hovers when transmitting energy and receiving information, hence we also assume that there is no Doppler effect while transmitting energy and receiving information. All nodes are also assumed to have a single antenna for harvesting energy and the UL WIT. Therefore, they cannot harvest energy and transmit information at the same time. It is worth noting that all network units, i.e., the H-AP, the UAV and nodes, operate over a same frequency band. In addition, all nodes in the proposed network are assumed to have no other energy source except the energy transmitted by the H-AP and the UAV.
We assume that both the DL and UL channels between the H-AP and HGNs are complex random variables denoted byC
, ∀i ∈ {1, 2, · · · , K }, respectively. Also, we assume that both the DL and UL channels are quasi-static flat-fading. Thus, the DL channel power gain and corresponding reversed UL channel power gain between the H-AP and can be expressed as [23] , [24] 
Moreover, we assume that both the DL and UL channels between the UAV and LGNs are complex random variables denoted byC
, ∀i ∈ {1, 2, · · · ,K }, respectively, which follows the same assumption asC can be expressed as [23] , [24] 
where G tx uav and G rx uav are the antenna gains of the UAV while transmitting and receiving, respectively. Also, G , respectively, in the sequel. Therefore, the channel power gain of DL and UL at the H-AP is denoted by C hap i and at the UAV is denoted by C uav i , respectively. During a block time, denoted by T , C hap i remains constant, but can possibly vary from one block to another, depending on the system of interest. It is also assumed that the H-AP perfectly knows 
A. BLCOK STRUCTURE IN THE WEIGHTED HARVEST-THEN-TRANSMIT PROTOCOL
The UAV-enabled WPCN adopts the proposed WHT protocol to overcome the doubly-near-far problem as shown in Fig. 2 . The block in the WHT protocol consists of state information (SI) transmission period, DL period, and UL period in a block time, where each duration time of these periods is denoted by T SI , T DL , and T UL , respectively. Therefore, we have
For convenience, a block time is normalized as T = 1; hence, both the term of energy and power can be interchangeable. The SI period contains the energy beacon period, SI transfer period, and command transfer period [19] . The H-AP broadcasts energy to all nodes during the energy beacon period, and the nodes harvest the energy. During the SI transfer period, the nodes report their own SI using the harvested energy. Note that the harvested energy during the energy beacon period is only used and sufficient for the SI transmission. In addition, the excess energy after SI transmission is negligible since the overall energy is quite low. We assume that the SI includes a longitude and a latitude of nodes from Global Positioning System (GPS). During the command transfer period, the H-AP classifies nodes into HGN and LGN, and decides the flight path of the UAV based on the received SI. Also, the optimal time of the weighted DL WET for each LGN is calculated. Then, the H-AP transmits the command to the UAV and all nodes, in order to inform the decision information. Therefore, we have
where τ eb , τ sit , and τ cmd denote the duration time of energy beacon period, SI transfer period, and command transfer period, respectively. We assume that τ eb , τ sit , and τ cmd are negligible, hence T SI is zero for convenience, as [24] and [35] . During the DL period, the H-AP performs the DL WET to all nodes, i.e., HGNs and LGNs. Meanwhile, the UAV performs the weighted DL WET only to LGNs to overcome the doubly-near-far problem. Then, T DL can be expressed as
where τ f , d f , and ν uav denote the flight time in the forward flight phase, distance of the flight path, and the speed of the UAV, respectively. Note that for convenience, we assume that the UAV flies at constant speed. We also assume that the return flight path of the UAV is same as the reverse of the forward flight path. Therefore, the total flight distance is 2d f in one block time. τ 0 denotes the total weighted DL WET time of the UAV in a block time, which can be expressed as
where τ 0,i denotes the weighted DL WET time for LGN i,
During the UL period, the LGN i, ∀i ∈ {1, 2, · · · ,K }, powered by the UAV, transmits information to the UAV in the return flight phase. Then, T UL can be expressed as
On the other hand, HGNs also perform the UL WIT directly to the H-AP in the return phase. Therefore, T UL can be also expressed as
where τ i,0 denotes the UL WIT time from HGNs to the H-AP. Since τ 0 , τ 1 , · · · , τK represent the time allocated to the UAV for the weighted DL WET and to LGNs for the UL WIT, respectively, we havê
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B. THE WIRELESS ENERGY TRANSFER IN THE WEIGHTED HARVEST-THEN-TRANSMIT PROTOCOL
In the DL period, the H-AP broadcasts energy to all nodes and the harvested energy at node i, ∀i ∈ {1, 2,
where 0 ≤ ξ hap i ≤ 1 indicates the energy harvesting efficiency at node i, ∀i ∈ {1, 2, · · · , K }. P H is the transmit power at the H-AP, where the H-AP has a stable energy supply to provide power in wireless. Therefore, P H is assumed to be sufficient to ignore the received noise at nodes.
For the LGNs, the UAV transmits energy to LGN i, ∀i ∈ {1, 2, · · · ,K }, when the UAV is close enough to reduce the energy loss with the better channel power gain, C uav i . Note that we assume that LGNs are far-apart from the H-AP as we consider the doubly-near-far problem. Then, the harvested energy at LGNs, denoted by E uav i , can be expressed as
≤ 1 indicates the energy harvesting efficiency at LGN i, ∀i ∈ {1, 2, · · · ,K }. P U is the transmit power at the UAV. We assume that the UAV performs the weighted DL WET to node i, ∀i ∈ {1, 2, · · · ,K }, as hovering above the node i and the time of the weighted DL WET to the node i is inversely proportional to the channel power gain between the H-AP and each LGN. Therefore, the time of the weighted DL for each node is denoted by τ 0,i , which is given by
For the energy causality of the UAV, we have
where Q flight , Q wdl and Q hv denote the total amount of the energy for the flight, for the weighted DL WET, and for the hovering to perform the weighted DL WET and the UL WIT in a block time, respectively. Q uav denotes the amount of total energy available in the UAV. We assume that Q uav is fully charged when the UAV starts the flight at the H-AP and the UAV has no other energy consumption except Q flight , Q wdl , and Q hv . Hence, it is assumed that Q uav = Q flight +Q wdl +Q hv in the sequel, i.e., all the energy of the UAV, Q uav , is used in a block time.
Consequently, all nodes in the UAV-enabled WPCN harvest energy from the H-AP and the UAV, i.e., HGNs harvest energy transmitted by the H-AP only, while LGNs harvested energy transmitted by the H-AP and the UAV. The total harvested energy at nodes is denoted by E total i , which can be expressed as
where ρ i is the choice indicator that is 1 if node i is classified to LGN due to low channel power gain, or is zero otherwise. We change the variable as P U τ 0 = Q wdl from (9) and (17) . For convenience, it is assumed that ξ hap i = ξ uav i = ξ i in the sequel of this paper.
C. THE WIRELESS INFORMATION TRANSFER IN THE WEIGHTED HARVEST-THEN-TRANSMIT PROTOCOL
In the UL period, all nodes perform the UL WIT using their total harvested energy in (18) . The LGN i, ∀i ∈ {1, 2, · · · ,K }, performs its UL WIT to the UAV when the UAV is hovering above the LGN i, in order to reduce the transmission power. Note that C uav i is an optimal constant value during the UL WIT, since the UAV is close enough to each LGN i. Also, the HGN i, ∀i ∈ {1, 2, · · · , K −K }, performs its UL WIT to the H-AP.
For the throughput maximization, nodes consume all harvested energy for their UL WIT. We denote x i as the complex baseband signal transmitted by node i, ∀i ∈ {1, 2, · · · , K }, which is Gaussian inputs, i.e., 
where 0 ≤ ζ hap i ≤ 1 denotes the portion of the total harvested energy used for the UL WIT at HGNs in steady state. We assume ζ i = 1, ∀i ∈ {1, 2, · · · , K −K }, i.e., all the harvested energy at HGN i, ∀i ∈ {1, 2, · · · , K −K }, is consumed for its UL WIT. On the other hand, P uav i can be expressed as
where 0 ≤ ζ uav i ≤ 1 denotes the portion of the total harvested energy used for the UL WIT at LGNs in steady state, which follows the same assumption as ζ 
where ε i andε i are denoted by ε i =
, respectively. denotes the signal-to-noise ratio gap from the additive white Gaussian noise channel capacity as a modulation and coding scheme used [19] . σ 2 represents the noise power at the UAV.
In addition, the achievable UL throughput of HGN i, ∀i ∈ {1, 2, · · · , K −K }, from (18)- (22), can be expressed as 2 denotes the noise power at the H-AP. 
D. THE CHANNEL-WEIGHTED PATH PLANNING FOR THE WEIGHTED HARVEST-THEN-TRANSMIT PROTOCOL
In this subsection, we describe the CWP planning to optimize the flight path of the UAV in terms of energy efficiency, as shown in Fig. 3 . The UAV flies to LGNs and performs the weighted DL WET, and returns to the H-AP following the reverse of the forward flight path while receiving information from LGNs. The CWP planning is based on regression algorithm [31] that trains the hypothesis by optimizing the loss function [32] . Note that the hovering location for the DL and UL is assumed to be shortest distance calculated by the CWP as shown in Fig. 3 .
The flight path, denoted by H (α), is calculated as the hypothesis, which can be expressed as
where α denotes a longitude on the flight path and θ i denotes the coefficient of α i . Note that l is the maximum power of H(α), which is depending on the system of interest. The flight path is trained by the channel power gain and the distance between the initial flight path and LGNs. For the training, we consider the loss function, denoted by L(x), which is given by
where β i and κ i denote the longitude and the latitude of LGN i, ∀i ∈ {1, 2, · · · ,K }. Also, ω i indicates the weight of LGN i, ∀i ∈ {1, 2, · · · ,K }, depending on the channel power gain to the UAV, C uav i , and the distance between the initial flight path and LGNs. Note that ω i is initialized by 1 at the first, and increases as the distance increases, but as C uav i decreases. In this manner, a minimum value of L(β i ) and optimal θ i can be derived, using Gradient Descent method [34] . The optimal θ i updates H (w) to find the optimal flight path. To summarize, the CWP planning algorithm is described in Table 1 . 
III. PROBLEM FORMULATION FOR THE WEIGHTED HARVEST-THEN-TRANSMIT PROTOCOL
In the proposed UAV-enabled WPCN, nodes can perform their UL WIT to the H-AP or the UAV, i.e., HGNs transmit their information to the H-AP, whereas LGNs transmit information to the UAV when the UAV is close to them to reduce the transmission power. Therefore, the sum-throughput of all nodes can be expressed as
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Consequently, from (23) and (26), the sum-throughput can be equivalently expressed as
To maximize the sum-throughput from (32), the optimal time allocation is firstly investigated for LGNs, as we consider the doubly-near-far problem. The sum-throughput of
LGNs can be expressed as the following problem:
To solve (P1) by convex optimization techniques, the objective of (P1) should be concave function and all the constraints of (P1) are affine. Thus, we firstly express the following two lemmas. Proof: Please refer to Appendix A.
Lemma 4.2:
The optimal time allocation τ * of (P1) has to satisfy the constraint in (34) with equality, i.e.,
Proof: Please refer to Appendix B. According to [36] , a nonnegative weighted summation of concave functions is concave. From Lemma 4.1 that the objective function of (P1) is a concave function of τ , where R uav i (τ i ) is concave function. In addition, in (P1), all the constraints are affine from Lemma 4.2. Hence, (P1) is a convex optimization problem clearly, which can be solved by using convex optimization techniques. Thus, we consider its Lagrangian duality, given by
where λ is the non-negative Lagrangian dual variable related to constraint given in (34) . Thus, the dual function of (P1) can be expressed as
where D is the feasible set of τ specified by the constraints (34) and (35) . We obtain the optimal time allocation solution of (P1) as the following proposition.
Proposition 4.1:
The optimal time allocation of (P1) is
Proof: Please refer to Appendix C. Given τ * 0 and τ * i , ∀i ∈ {1, 2, · · · ,K }, the sum-throughput of HGNs can be expressed as the following problem:
s.t.
(44) where the constraint (43) follows from (5) and (7).
Also, to solve (P2) by convex optimization techniques, we express the following two lemmas. Proof: Please refer to Appendix D.
Lemma 4.4:
The optimal time allocation τ * of (P2) has to satisfy the constraint in (43) with equality, i.e.,
Proof: Please refer to Appendix E. From Lemma 4.3, the objective of (P2) is a concave over τ and also all the constraints of (P2) are affine from Lemma 4.4. Thus, Lagrangian duality is used to solve the (P2) with (43). The Lagrangian of (P2) can be formulated as
where λ ≥ 0 denotes the Lagrange multipliers related to the constraint given in (43). The dual function of (P2) can be expressed as
where D is the feasible set of τ specified by (43) and (44). We obtain the optimal time allocation solution of (P2) as the following proposition Proposition 4.2: The optimal time allocation of (P2) is
where τ * 0 from (40). Proof: Please refer to Appendix F.
IV. THE ANALYSIS OF THE WEIGHTED HARVEST-THEN-TRANSMIT PROTOCOL
In this section, we analyze the influence of the flight time, τ f , in terms of the sum-throughput maximization, based on the UAV-enabled WPCN. The WHT protocol largely aims to overcome the doubly-near-far problem by using the UAV as a mobile H-AP to perform the weighted DL WET to LGNs. For the purpose of exposition, we simplify the network topology as nodes are located away from the H-AP at regular intervals in this section, and the first node is the nearest node and the last node is the farthest node from the H-AP. Note that regular intervals depend on the system of interest. Also, we assume that the number of nodes in the proposed network is 20, i.e., K = 20 and the number of HGNs and LGNs are same, i.e.,K = 10. 4 shows the sum-throughput according to the number of nodes where the sum-throughput means the total throughput of all nodes in the network. When τ f is zero, i.e. without the UAV, LGNs can hardly transmit their information since they have trouble to harvest energy from the H-AP due to the doubly-near-far problem. On the other hand, when there is the UAV, i.e. τ f > 0, LGNs can harvest energy by the weighted DL WET from the UAV and transmit information to the UAV, using the harvested energy.
We compare the sum-throughput of all nodes when τ f > 0 as shown in Fig. 4 . The sum-throughput of all nodes decreases as τ f increases since the ratio of τ f to a block time increases. From (7), the total weighted DL WET time, τ 0 , decreases as τ f increases. Thus, the harvested energy at each LGN decreases. In addition, from (10), the total WIT time of LGNs, K i=1 τ i , ∀i ∈ {1, 2, · · · ,K }, decreases as τ f increases. Consequently, from (5), (7), and (10), the constraint of (P1) in (34) can be reformulated as
Moreover, the energy causality constraint of the UAV in (17) limits the amount of the energy for the weighted DL WET, where Q flight increases as τ f increases.
V. NUMERICAL RESULTS
In this section, we present some numerical results to evaluate the performance of the proposed WHT protocol in the UAVenabled WPCN. The harvest-then-transmit (HTT) protocol proposed in [13] is used as the reference protocol for the comparison. In the evaluation, we assume that the energy harvesting efficiency is 1 for all nodes, i.e., ξ i = 1, ∀i ∈ {1, 2, · · · , K }. The noise power at the UAV, σ 2 , and at the H-AP,σ 2 , are assumed to be 1, respectively. Also, we assume that the transmit power at the H-AP for the DL WET, P H , is 10 dB. In addition, we assume that i.i.d. Rayleigh fading for all channels and the channel power gains in the network are exponentially distributed. A channel power gain of each node is dependent on the regular interval, since a channel power gain is inversely proportional to the square of the distance in (1), (3), and the distance from the H-AP can be calculated by multiplying node index and regular interval. Finally, we assume UAV flies at a fixed altitude. Fig . 5 shows the effect of the required threshold to the throughput of each node in the proposed WHT protocol. We assume that there are 20 nodes in the network, i.e., K = 20. The number of LGNs is defined by the required threshold in the system of interest, and the amount of harvested energy from the UAV at each LGN is dependent on the number of LGNs. In other words, the amount of harvested energy at each LGN increases with decreasing the number of LGNs since the total energy for the weighted DL WET at the UAV is limited. Therefore, the throughput of each LGN also increases according to decreasing the number of LGNs. On the other hand, the ratio of the number of HGNs and LGNs affects to the throughput balance among nodes in the network. When there are 13 HGNs, i.e.,K = 7, we can see that the minimum throughput among HGNs is terribly low compared to the throughput of LGNs. When there are 10 HGNs, i.e.,K = 10, the throughput gap between the minimum throughput among HGNs and LGNs is reduced compared to the previous case. Finally, when there are seven HGNs, i.e.,K = 13, the minimum throughput among HGNs and the LGNs is almost same. Consequently, the proposed WHT protocol can improve the fairness in terms of throughput among nodes, or improve the communication performance of the LGNs rather than the HGNs by adjusting required threshold. Fig . 6 shows the amount of harvested energy of each node when adopting the WHT protocol. We assume that there are 20 nodes in the network, i.e., K = 20. We also assume that the number of HGNs and LGNs are 7 and 13, respectively, since the nodes have the best fairness condition in that case in terms of throughput, as we can see in fig. 5 . All nodes harvest energy from the H-AP, where the amount of the harvested energy decreases exponentially according to decreasing of the channel power gain to the H-AP. On the other hand, we can see that LGNs harvest additional energy from the UAV, and the amount of energy harvested from the UAV is inversely proportional to the channel power gain between the H-AP and each LGN in (16), i.e., far-apart LGN receives more energy from the UAV than near-apart LGN. Therefore, total harvested energy at each LGN is almost same each other. For the reason, each LGN transmits information to the UAV with almost uniform throughput, as shown in Fig. 5 . Fig. 7 shows the throughput of each node at regular decreasing intervals of channel gain when adopting the proposed WHT protocol and the HTT protocol, respectively. We assume that there are 20 nodes in the network, i.e., K = 20. We also assume that the number of HGNs and LGNs are 7 and 13, respectively, i.e.,K = 13. It means that the node 8 to node 20 have lower channel power gain to the H-AP than the required threshold in the system. In Fig. 7 , the throughput decreases with increasing the regular decreasing intervals of channel gain in the both protocol. However, the throughput of each node in the WHT protocol is higher than the HTT protocol. Especially, we can see that LGNs perform UL WITs with greatly high throughput in the WHT protocol compared to the HTT protocol. This is because
LGNs harvest additional energy from the UAV and transmit information directly to the UAV with better channel power gain. 8 shows the sum-throughput according to the number of nodes in the proposed UAV-enabled WPCN when adopting the WHT protocol. We assume that the maximum number of nodes in the network is 20, i.e., 1 ≤ K ≤ 20. In addition, we assume that all nodes are HGNs if the number of nodes is less than or equal to 7, thus the maximum number of HGNs can be 7, i.e., 1 ≤ K −K ≤ 10. When all existing nodes are the HGN, the sum-throughput of HGNs increases with increasing the number of nodes in the network. When the number of nodes exceeds the maximum number of HGN, i.e., the number of nodes is greater than or equal to 13, the sum-throughput of LGNs begins to increase with increasing the number of the nodes due to the additional energy transfer by the UAV. Consequently, the sum-throughput of all nodes increases with increasing the number of nodes, regardless of the channel power gain between the H-AP and each node.
VI. CONCLUSION
In this paper, we investigate the sum-throughput maximization problem in the UAV-enabled WPCN, where the UAV is employed as a mobile H-AP to tackle the doubly-nearfar problem. The UAV performs the weighted DL WET to encountering LGNs in the forward flight phase and then receives information from the LGNs in the return flight phase, based on the newly proposed weighted harvest-then-transmit protocol. Under these conditions, we first optimize the time allocation for the LGNs in a block time, considering the channel power gain and the flight time. The duration time of the DL and UL period for LGNs is determined by optimizing the weighted DL WET of the UAV. Given the optimal duration times, we also maximize the sum-throughput of all HGNs. The numerical results show that the proposed UAVenabled WPCN supports improved communication in terms of throughput and fairness than the conventional WPCNs.
There are some future works to improve the proposed system model. More exquisite energy consumption model according to various flight trajectories for the UAV can be valuable for the feasibility of UAV-enabled WPCN. Additionally, we will expend the proposed model to employ channel fading model instead of quasi-static flat-fading and consider more sophisticated path-loss model rather than free-space in order to realize UAV-enabled WPCN.
APPENDIX A PROOF OF LEMMA 4.1
We denote the Hessian of R uav i (τ i ) by H i in order to show R uav i (τ i ) is a concave function of τ i , ∀i ∈ {1, 2, · · · ,K }, since a function is concave if its Hessian is negative semidefinite according to [36] . Thus, we demonstrate that H i is negative semidefinite for any given real vector ν = [ν 0 , · · · , ν K ] T , which is given by
where the inequality follows from the fact that
This completes the proof of Lemma 4.1.
APPENDIX B PROOF OF LEMMA 4.2
This can be proved by contradiction. Suppose τ
is an optimal solution of (P1), and it satisfies
The objective function given in (33) is a monotonic increasing function with respect to τ 0 . Thus, the value of (33) under the vector [ 
T is larger than that under τ . This contradicts with our presumption. Thus, the optimal τ * must satisfy The Lagrangian of (P1) is
where λ is the non-negative Lagrangian dual variable related to constraint given in (34) . The dual function of (P1) is given by
where D is the feasible set of τ specified by the constraints (34) and (35) . It is observed that there exists an τ ∈ D with all strict positive elements satisfying K i=0 τ i ≤ 1 − 2τ f . Thus, strong duality holds for the problem since the Slaters condition [36] is satisfied. Therefore, Karush-Kuhn-Tucker (KKT) conditions are sufficient to solve (P1), which are given by Q wdl ≥ 0, ν uav ≥ 0, (52) λ * ≥ 0, τ i ≥ 0, ∀i ∈ {0, 1, · · · ,K }, (53)
∂L(τ , λ * ) ∂τ i
where τ * i and λ * denote the optimal primal and dual solutions of (P1), respectively. Then, from (56), it follows that
where B i (x) is defined as
Given 1 ≤ i, j ≤K , from (57) we have 
where f (z) = z ln z − z + 1. Thus, f (z) is a convex function over z ≥ 0. Therefore, since f (z) = C has a unique solution z * > 1, given C > 0, the optimal time allocation to τ * 0 is given by
In addition, from (63) and (68), the optimal time allocation to τ * i is given by
This completes the proof of Proposition 4.1. This completes the proof of Lemma 4.3.
